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Preface 


The  objective  of  this  study  was  to  evaluate  the  energy  resolution 
of  a  liquid  noble  gas  gridded  ionization  chamber.  The  particular 
application  of  the  chamber  was  the  differentiation  of  radioactive  noble 
gases.  The  gas  samples  are  to  be  detected  as  sources  inside  the  chamber. 

The  detector  was  tested  with  a  number  of  radioactive  sources 
outside  of  the  chamber  and  a  number  of  sources  inside  the  chamber.  A 
sample  of  radioactive  xenon-131m  and  xenon-133  was  used  as  the  radioactive 
noble  gas. 

Energy  resolution  in  the  chamber  was  not  sufficient  to  differentiate 
the  xenon  isotopes.  The  electric  fields  attainable  in  the  chamber  were 
insufficient  to  overcome  electron  attachment  effects. 

I  would  like  to  thank  my  thesis  advisor,  Dr.  George  John,  for  his 
help  in  this  study  and  also  his  confidence  in  my  work.  Bob  Hendricks 
provided  a  great  deal  of  help  with  equipment  in  the  lab.  I  am  also 
indebted  to  the  workers  in  the  Fabrication  Shop  and  Jim  Ray  who  built 
the  chamber. 
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Abstract 

This  study  investigates  the  feasibility  of  quantifying  the  constituents 
of  a  radioactive  noble  gas  sample  with  a  liquid  noble  gas  gridded 
ionization  chamber.  Xe1-5  and  Xe  are  the  noble  gases  used  to  test 
the  chamber.  Several  other  sources  are  used  to  characterize  other 
aspects  of  the  chamber.  The  chamber  is  designed  to  hold  the  liquid  noble 
gas  between  the  cathode  and  the  grid  while  vapor  remains  between  the  anode 
and  the  grid.  Thus  the  ionization  caused  by  the  radioactive  noble  gas 
sample  is  confined  for  the  most  part  between  the  grid  and  the  cathode. 

In  this  way  position  dependence  of  generated  voltage  pulse  heights  is 
eliminated.  The  efficiencies  found  for  the  detector  are  high,  but  the 
energy  resolution  is  only  40$  fwhm.  The  poor  resolution  is  due  to 
limited  electric  fields  in  the  chamber,  2.4  kV/cm.  Discharge  in  the 
vapor  prevented  higher  electric  fields  in  the  chamber.  Without  good 
energy  resolution,  ratios  of  radioactive  noble  gases  in  a  sample  can  not 
be  found.  Some  possible  solutions  to  the  energy  resolution  problem  are 
presented. 


EVALUATION  OF  A  GRIDDED  IONIZATION 
CHAMBER  FOR  THE  DETECTION  OF 
RADIOACTIVE  NOBLE  GASES 


I  Introduction 


Background 

Nuclear  reactors,  nuclear  weapons,  natural  processes  and  other 
phenomena  can  cause  the  release  of  radioactive  noble  gases  into  the 
atmosphere.  These  gases  can  be  separated  from  samples  of  air  and  analyzed. 
The  study  of  the  quantities  of  these  gases  and  the  ratios  of  their 
isotopes  can  help  in  the  determination  of  their  origin. 

Previous  studies  have  used  scintillation  counters  and  germanium 
semi-conductor  detectors.  The  scintillation  counters  prove  to  have  high 
efficiency  since  the  gas  can  be  dissolved  into  the  scintillation  liquid. 

The  problem  with  scintillation  counters  is  their  relatively  poor  resolu¬ 
tion.  The  resolution  of  the  germanium  detectors  is  much  better,  but  only 
small  gas  samples  may  used  with  these  detectors.  Also  low  energy 
photons  axe  absorbed  by  the  containers  for  the  gas. 

In  an  effort  to  obtain  high  efficiency  and  good  resolution  several 
previous  AFIT  students  have  analyzed  radionuclides  of  xenon  with  Si(Li) 
detectors  (l).  Identification  of  the  radionuclides  under  study  was 
possible,  but  a  highly  accurate  quantitative  analysis'  of  the  radionuclides 
could  not  be  made.  The  detection  system  suffered  from  low  efficiency 
and  self -absorption  of  internal  conversion  electrons. 

In  order  to  overcome  these  problems  a  liquid  noble  gas  ionization 
chamber  was  constructed.  This  is  a  high  efficiency  detector  since  the 


radioactive  noble  gas  sample  can  be  mixed  in  with  the  detecting  medium. 
The  detector  should  also  have  good  resolution.  The  energy  resolution 
found  by  several  researchers  for  the  976  keV  internal  conversion 
electron  peak  of  Bi  '  is  34  keV  fwhm  (2 5»255)«  The  energy  resolution 
is  much  better  than  the  energy  resolution  of  scintillation  counters. 

Two  other  AFIT  students,  Berggren  and  Benedetti,  designed  and 
studied  liquid  noble  gas  ionization  chambers.  Berggren  found  that 
pulse  heights  were  dependent  on  the  position  of  energy  deposition  in 
the  chamber  (2).  Also  corona  discharge  tended  to  limit  the  maximum 
obtainable  detector  bias.  Benedetti  constructed  a  parallel  plate  chamber 
with  a  Frisch  grid  in  order  to  remove  the  position  dependence  of  the 
pulse  heights. 

Problem  and  Scope 

The  objective  of  this  thesis  is  to  continue  the  study  of  the  liquid 
noble  gas  ionization  chamber.  The  operating  character! sties  and  the 
energy  resolution  of  the  system  sore  the  major  areas  of  concern.  The 
detector  must  have  good  resolution  with  a  radioactive  noble  gas  as  an 
internal  source. 

Xenon  and  argon  axe  used  as  the  detection  media  inside  the  chamber. 
Samples  of  Xe^"^m  and  Xe^^  serve  as  the  noble  gas  radioisotopes. 
Quantitative  and  qualitative  differentiation  of  these  isotopes  is  the 
criterion  for  the  successful  operation  of  this  detection  system. 

Approach 

The  research  began  with  the  construction  of  a  new  ionization 
chamber.  The  chamber  was  made  to  increase  the  uniformity  of  the  electric 
field  in  the  detection  medium.  The  probability  of  corona  discharge  in 


the  chamber  was  also  reduced. 

The  chamber  was  then  tested  with  a  number  of  different  sources 
before  the  radioactive  xenon  was  introduced.  This  Has  done  to  determine 
whether  the  chamber  was  functioning  properly  since  the  radioactive  xenon 
sample  was  limited. 

Gamma  ray  sources  were  placed  external  to  the  chamber.  In  this 
way  the  operating  characteristics  could  be  roughly  determined.  Also 
the  sources  could  be  removed  so  that  the  magnitude  of  the  background 
could  be  found. 

207  233 

Solid  sources  of  Bi  and  U  were  then  placed  inside  the  chamber 
on  the  cathode.  These  gave  data  on  the  chamber  response  to  internal 
conversion  electrons,  beta  particles  and  alpha  particles.  Since  these 
sources  rested  on  the  cathode,  any  complexities  due  to  a  source  spread 
throughout  the  detecting  volume  were  eliminated. 

Finally,  the  radioactive  xenon  samples  were  studied.  During  the 
runs,  liquid  argon  was  used  first  as  the  detecting  medium  because  of  its 
lower  cost. 

Sequence  of  Presentation 

The  theory  of  operation  of  a  gridded  ionization  chamber  is  presented 
in  Chapter  II.  Recombination  and  electron  attachment  effects  in  such 
a  chamber  are  also  discussed.  Theoretical  calculations  for  the  chamber 
efficiency  are  included  as  well. 

Decay  schemes  of  the  radioactive  sources  are  tabulated  in  Chapter 
III.  The  schemes  are  abbreviated  to  include  only  those  radiations  which 
are  of  interest  to  the  study.  This  chapter  also  includes  the  physical 
characteristics  of  the  ionization  chamber  media. 
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Chapter  IV  contains  the  detection  system  design,  and  Chapter  V 
lists  the  procedure  for  operation-  of  the  system.  The  results  obtained 
are  presented  and  discussed  in  Chapter  VI.  The  conclusions  and 
recommendations  of  the  study  are  in  Chapter  VII. 
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II  Theory 

An  ionization  chamber  operates  through  the  collection  of  electrons 
and  positive  ions  produced  by  the  passage  of  radiation  into  the  chamber. 
Thus  the  effects  caused  by  the  radiation  in  the  detecting  material  of 
the  chamber  must  be  known.  The  determination  of  the  number  of  charges 
produced  and  the  efficiency  of  collection  of  these  charges  must  also 
be  understood.  An  estimate  of  the  energy  resolution  of  the  detector 
is  presented  for  comparison  with  the  actual  resolution  obtained. 

Ionizing  Radiation 

Beta  and  Alpha  Particles .  Two  types  of  charged  particles  emitted 
by  radioactive  sources  are  beta  and  alpha  particles.  These  charged 
particles  interact  mainly  through  coulomb! c  attraction  and  repulsion 
with  the  electrons  and  nuclei  of  the  neutral  atoms  in  matter.  The 
interactions  cause  electrons  to  be  stripped  from  the  atoms. 

The  beta  and  alpha  particles  eventually  come  to  rest  after  depositing 
their  kinetic  energy  in  this  manner.  The  result  is  a  track  of  ion  pairs. 
The  number  of  ion  pairs  formed  depends  on  the  initial  energy  of  the 
particle,  and  the  average  energy  loss  per  ion  pair  formed.  The  average 
energy  lost  is  called  the  W  value.  The  W  values  for  liquid  argon  and 
xenon  are  23*6  eV  and  15.8  eV  respectively  (25*257). 

Photons .  Gamma  ray  photons  emitted  by  certain  radionuclides  also 
interact  with  the  detector  medium.  The  gammas  of  interest  in  this  study 
are  of  lower  energies  (less  than  0.2  MeV).  Their  main  interaction 
mechanisms  are  photoelectric  absorption  and  Compton  scattering. 


In  the  photoelectric  effect  the  photon  transfers  all  of  its  energy 


to  an  atom  as  a  whole.  This  energy  is  then  transferee!  to  an  electron. 

Since  the  binding  energy  of  the  electron  is  usually  negligible,  most 
of  the  energy  transfered  to  the  electron  manifests  itself  as  kinetic 
energy.  The  electron  then  acts  in  the  same  manner  as  a  beta  particle 
leaving  a  track  of  ion  pairs.  The  number  of  ion  pairs  is  basically 
directly  proportional  to  the  initial  photon  energy. 

In  Compton  scattering  the  photon  interacts  with  an  orbiting  electron. 
The  electron  is  considered  a  free  electron  as  long  as  the  photon  energy 
is  large  compared  to  the  electron  binding  energy.  The  interaction 
results  in  a  scattered  photon  and  a  recoil  electron.  The  energy  transfered 
to  the  electron  is  less  than  that  of  the  initial  photon.  The  electron 
again  creates  a  track  of  ion  pairs. 

Ranges.  The  distance  which  a  charged  particle  travels  through  a 
material  is  its  range.  The  range  can  be  calculated  from  tables  provided 
by  various  sources  (24:155)*  Since  the  purpose  of  the  chamber  is  to 
study  the  various  electrons  emitted  by  XeAJ  and  Xe  ,  the  range  of 
the  most  energetic  of  these  electrons  determines  the  size  of  the  chamber. 
The  section  on  efficiency  discusses  this. 

Absorption  of  Photons.  Since  the  chamber  is  initially  calibrated 
with  gamma  emitting  sources,  the  number  of  photons  stopped  in  the  chamber 
must  be  known.  This  is  given  by  the  equation 

N  =  Nq  exp (-(p/p)px)  (1) 

where 

N  is  the  initial  number  of  photons  entering  the  detector 
c  2 

p/p  is  the  mass  attenuation  coefficient  in  cm  /g 

p  is  the  density  of  the  detector  medium 


x  is  the  distance  traveled  through  the  detector  medium 

The  mass  attenuation  coefficients  for  the  elements  are  tabulated 
(2l).  The  coefficients  depend  on  the  type  of  interaction  and  the  energy 
of  the  photon. 

Pulse  Formation 

The  Parallel  Plate  Chamber.  One  method  of  collecting  the  ion  pairs 
produced  in  the  chamber  is  to  use  parallel  conducting  plates.  With  one 
plate  set  at  a  negative  potential  and  the  other  set  at  zero  potential 
an  electric  field  is  set  up  which  causes  the  electrons  and  positive 
ions  to  move  toward  the  plates  of  opposite  charge.  The  movement  of  the 
charges  causes  a  change  in  the  potential  of  the  anode.  This  change  in 
potential  is  measured  as  a  voltage  pulse. 

The  change  in  potential  on  the  collecting  electrode  has  been  derived 
by  Knoll  and  others  ( 17s 176).  It  takes  the  form 

P(t)  =  Net  (w+  +  w  )/Cd  (2) 

where 

N  is  the  number  of  ion  pairs 
e  is  the  electronic  charge 
t  is  the  time 

C  is  the  capacitance  of  the  system 
d  is  the  separation  of  the  electrodes 

w+,w  are  the  velocities  of  the  positive  ions  and  electrons 

The  potential  induced  on  the  collector  by  the  ion  pairs  from  one 
track  must  be  removed  after  the  ions  reach  the  plates  so  that  the 
potential  induced  by  subsequent  ion  tracks  can  be  measured.  The  result 
is  a  voltage  pulse  indirectly  caused  by  each  particle  of  ionizing 
radiation.  Usually  a  preamplifier  performs  this  task,  but  for  illustra- 


Fig.  1.  The  Simplified  Ionization  Chamber 


tive  purposes  a  simple  RC  circuit  is  considered  here. 

Since  the  drift  velocity  of  the  massive  positive  ions  is  much  less 
than  that  of  the  electrons,  the  time  constant  of  the  RC  circuit  is  set 
at  much  less  than  the  positive  ion  collecting  time.  Only  the  electrons 
are  collected  by  the  time  the  voltage  pulse  decays.  The  chamber  is 
ready  to  receive  another  pulse  much  sooner. 

During  the  time  that  the  electrons  are  collected,  the  positive  ion 
motion  can  be  neglected.  The  time  dependent  potential  simplifies  to 

P(t)  =  -New_t/Cd  (3) 

The  following  differential  equation  describes  the  potential,  V(t), 
which  one  finds  on  the  output  side  of  the  RC  circuit  (26:93)* 

dP/dt  =  dV/dt  +  V/RC  (4) 

For  RC  much  less  than  one  this  becomes 


dP/dt  =  V/RC 


(5) 


Thus  the  measured  potential  is 


V(t)  =  -New_RC  (1  -  exp(-t/RC))/Cd  (6) 

After  the  electrons  are  collected  the  potential  measured  is 

V(t)  =  -New_R  (exp(xQ/RGw_)  -  l)  exp(-t/RC)/d  (?) 

With  all  variables  held  constant  except  for  N,  the  maximum  ampli¬ 
tude  of  the  voltage  pulse  is  proportional  to  the  energy  of  the  initial 
ionizing  particle.  But  this  equation  shows  two  important  variables  which 
affect  the  maximum  amplitude  of  the  voltage  pulse.  The  first  is  the 
electron  drift  velocity.  A  larger  drift  velocity  for  a  given  plate 
separation  causes  a  larger  voltage  pulse. 

The  second  variable  is  the  initial  ion  pair  location,  xq.  The  am¬ 
plitudes  of  the  voltage  pulses  are  proportional  to  the  energy  of  the 
initial  radiation  only  if  all  of  the  ion  pair  tracks  are  formed  in  the 
same  location  in  the  chamber.  This  is  not  a  practical  situation.  Pro¬ 
blems  of  this  sort  were  reported  by  Berggren  in  previous  work  with  the 
liquid  noble  gas  ionization  chamber  (2).  The  solution  to  this  problem 
is  the  Frisch  grid. 

Electron  Drift  Velocity.  The  main  concern  with  the  drift  of  the 
electrons  is  to  allow  them  to  be  collected  before  the  decay  of  the  vol¬ 
tage  pulse.  By  using  larger  and  larger  shaping  times  on  the  voltage  pulse 
a  maximum  aunplitude  can  be  reached.  This  represents  the  time  needed  to 
collect  the  electrons.  With  the  known  separation  of  the  plates  the  elec¬ 
tron  drift  velocity  is  calculable.  Others  have  calculated  the  drift 
velocity  of  electrons  in  liquid  noble  gases.  Some  of  their  results  are 
shown  in  Figure  2. 
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Fig.  2.  electron  mobilities  in  Liquified  Noble  Gases  (25:4) 

The  Frisch  Grid.  A  griu  consisting  of  evenly  spaced  parallel  wires 
can  eliminate  the  dependence  of  the  voltage  pulse  amplitude  on  the  posi¬ 
tion  of  the  initial  ion  pair  track.  A  grid,  inserted  between  the  anode 
and  the  cathode,  was  first  suggested  by  0.  R.  Frisch  (5:192).  If  ion 
pairs  axe  created  only  between  the  cathode  and  the  grid,  the  grid  shiela 
the  collecting  anode  from  the  cnarges.  The  anode  potential  changes  only 
after  the  electrons  move  past  the  grid.  The  pulse  heights  are  baser  on 
the  constant  anod-  to  grid  distance. 

In  an  article  by  Bunemar.n  me  dimensions  of  such  gridded  ionization 
chambers  are  discussed  (5).  The  dimensions  are  governed  by  the  efficien 
of  the  shielding  for  the  anode  ana  the  extent  to  which  electrons  are 
allowed  to  pass  the  grid. 

The  shielding  is  measured  by  the  amount  of  change  in  the  electric 
field  between  the  anode  and  the  grid,  E  ,  given  a  cnange  in  the  electric 
field  between  the  cathode  and  the  grid,  E  .  The  ratio  of  these  changes 


is  defined  as  the  inefficiency,  a.  The  inefficiency  is  given  by 


(8) 


o  -  d  ln(d/27rr)/2ffD 

& 

where 

d  is  the  distance  between  the  center  of  the  grid  wires 
r  is  the  radius  of  the  grid  wires 
D  is  the  distance  from  the  anode  to  the  grid 

In  order  to  assure  that  the  electrons  are  collected  on  the  anode 
and  not  on  the  grid,  the  cathode  and  the  grid  must  be  set  at  certain 
voltages.  Assuming  that  the  anode  is  at  ground,  the  following  relation¬ 
ship  applies 

Dc  *  D&  (1  +  27rr/d)(Vc  -  Vg)/(l  -  27rr/d)  Vg  (9) 

where 

I>c  is  the  distance  from  the  cathode  to  the  grid 

Vc  is  the  potential  on  the  cathode 

V  is  the  potential  on  the  grid 
6 

The  Chamber.  Since  the  radioactive  xenon  is  diffused  throughout 
the  detection  medium,  the  ionization  chamber  must  be  specifically  designed 
to  take  advantage  of  the  Frisch  grid.  This  is  accomplished  by  liquifying 
the  detecting  noble  gas  only  between  the  cathode  and  the  grid.  Vapor 
remains  between  the  grid  and  the  anode.  The  ionization  caused  in  the 
vapor  is  negligible,  and  thus  for  all  practical  purposes  ion  pairs  are 
only  created  between  the  cathode  and  the  grid. 

Efficiency 

The  efficiency  of  a  detector  is  calculated  as  the  ratio  of  the 
number  of  counts  measured  by  the  detector  for  radiation  of  a  certain  energy 
over  the  actual  number  of  particles  emitted  by  the  source  of  that  energy. 
The  number  of  particles  emitted  is  given  by 


’.•'m.V.v  ' 


.  V-.v.-rJ 
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is  the  branching  ratio  for  the  ith  particle  emitted 

S  is  the  activity  of  the  source 

t  is  the  time  of  the  count 
c 

The  efficiency  of  the  detector  depends  on  a  number  of  factors.  In 
this  system  the  important  factors  include  the  geometry  of  the  system, 
the  scattering  of  particles  outside  of  the  chamber,  and  the  escape  of 
particles  from  the  chamber.  With  these  factors  the  number  of  counts  mea¬ 
sured  can  be  estimated  with  the  equation 


C 


f  f  ,f  N. 
g  ab  s  1 


(11) 


where 

f  is  a  geometry  factor 

fab  is  the  fraction  of  particles  interacting  outside  of  the  chamber 

fg  is  the  fraction  of  particles  stopped  in  the  chamber 

Geometry.  The  position  of  the  source  in  relation  to  the  chamber 
affects  the  number  of  ionizing  particles  emitted  by  the  source  which 
reach  the  chamber.  Since  the  chamber  is  designed  to  hold  the  source  inter¬ 
nally,  the  geometry  factor  is  one. 

Geometry  must  still  be  considered  for  the  gamma  sources  which  were 
placed  external  to  the  chamber.  The  solid  angle  taken  up  by  the  surface 
area  of  the  detector  determines  the  fraction  of  particles  which  Eire  emitted 
toward  the  detector.  This  fraction  takes  the  form 


f  =  fi/4rr 
g 


(12) 


For  a  circular  detector  surface  of  radius  r  and  a  distance  from  source 


T" 


i ip  i 


to  detector  of  h,  the  fraction  becomes 

fg  =  (1  -  h/(h2  +  r2)^Z)/Z  (13) 

Scattering  and  Absorption.  Particles  emitted  by  the  source  may  also 
be  scattered  or  absorbed  by  materials  between  the  source  and  the  detector. 
This  again  only  applies  to  sources  outside  of  the  detector.  This  fraction 
takes  the  form 


fab  =  U4) 

where 

(p/p)^  is  the  total  absorption  coefficient  for  the  material 
p  is  the  density  of  the  intervening  material 
x  is  the  thickness  of  the  intervening  material 

This  equation  assumes  that  scattered  photons  will  not  enter  the 

detector. 

Escape.  For  those  particles  which  enter  or  are  created  in  the  detec¬ 
tor,  the  number  which  are  stopped  in  the  chamber  must  be  determined. 
Photons  again  depend  on  the  scattering  and  absorption  cross  sections. 

The  fraction  stopped  is  given  by  the  equation 

f  =  1  -  exp (-(p/p)  x)  (15) 

5 

where 

(p/p)  is  the  cross  section  for  the  interaction  of  interest 
Charged  particles  have  a  certain  range  in  the  chamber.  The  fraction 
of  these  particles  which  escape  is  determined  by  their  range  and  their 
distance  from  the  edge  of  the  chamber. 

Sources  spread  throughout  the  volume  of  the  chamber  present  a  unique 


13 


situation.  Those  charged  particles  created  in  the  volume  bounded  by  the 
chamber  and  a  surface  inside  the  chamber  by  a  distance  equal  to  the  par¬ 
ticle  range  are  considered  as  capable  of  escape.  In  a  cylindrical  chamber 
this  volume  is 

AV  =  Tr2d  -  7r(r  -  R)2(d  -  2R)  (l6) 


where 

r  is  the  chamber  radius 

d  is  the  chamber  length 

R  is  the  particle  range 

A  measure  of  the  particles  escaping  is  this  volume  divided  by  the 
total  chamber  volume,  This  fraction  may  be  further  divided  by  four 

since  not  all  of  the  particles  are  emitted  in  the  outward  direction.  The 
fraction  of  particles  stopped  in  the  chamber  thus  becomes 

f  =  1  -  AV/4V  (17) 

s  c 

Recombination 

Recombination  can  prevent  the  collection  of  the  electrons  and  ion 
pairs  created  by  ionizing  radiation.  In  a  liquid  noble  gas  chamber  the 
main  types  of  recombination  are  electron  attachment  and  initial  recombi¬ 
nation. 

Electron  attachment  occurs  because  of  electronegative  impurities  in 
the  detection  medium.  Once  an  electron  attaches  to  a  slow  moving  impurity 
atom  it  can  easily  recombine  with  a  positive  ion.  The  attachment  is 
governed  by  the  equation  (15*153) 

Q  =  2QoA  (1  -  (A/D)(l  -  exp(-D/A)))/D 


(18) 


where 


Q  is  the  detected  charge 

Qq  is  the  maximum  available  charge 

D  is  the  ionization  chamber  plate  separation 

A  is  the  mean  free  path  length  for  electron  attachment 

The  mean  free  path  length  for  electron  attachment  is  determined  by 
A  =  cvE/p  (19) 


where 

E  is  the  electric  field 
p  is  the  impurity  concentration 
a  is  a  proportionality  constant 

The  values  of  0/  for  oxygen  impurities  are  given  in  Table  I.  The 
effect  of  nitrogen  impurities  is  200  times  less  than  the  effect  of  oxygen 
impurities. 

Equation  19  does  not  fully  quantify  the  situation  for  alpha  parti¬ 
cles.  The  high  ion  pair  density  in  the  initial  track  left  by  aQpha 
particles  requires  the  consideration  of  columnar  recombination  as  discussed 
by  Kramers  ( 13  *  153 ) -  Here  electrons  can  recombine  with  positive  ions  in 
the  initial  track  before  they  drift  away  from  the  track.  The  expression 
for  alpha  particles  becomes 

f  03 

Q  =  2fAQo  (1  -  exp(-D/A))/Dj  ^  f  exp(*)  +  J  dx  (20 ) 

where 

f  =  E/Eq  (21) 

This  does  not  consider  the  angle  between  the  track  and  electric  field 
lines.  The  term  Eq  is  the  saturation  field  strength  for  the  ion  pair 
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TABLE  I 


The  a  Constants  for  Oxygen  Impurities 


Ionizing 

Particle 

oi  ppm  cm 

2/kV 

LA 

LXe 

alpha 

.14  +  .03 

— 

beta 

-15  +  .03 

0.2 

(15:154, 

309) 

column.  It  is  given  by 

JL 

Eq  =  4  m2  e  N/b  (22) 

where 

e  is  the  electron  charge 
N  is  the  charge  density  of  the  column 
b  is  the  diameter  of  the  ionization  column 

The  saturation  field  strength  has  been  calculated  to  have  a  value 
near  800  kV/cm  (15:154). 

Obviously,  initial  recombination  affects  the  ion  pairs  in  beta  par¬ 
ticle  tracks,  but  its  effect  is  of  much  less  importance.  Electron  attach¬ 
ment  is  the  major  concern  in  the  energy  resolution  of  the  chamber.  Ion 
pairs  formed  in  different  parts  of  the  chamber  travel  through  different 
amounts  of  liquid  before  reaching  the  grid.  Since  electron  attachment 
occurs  throughout  the  volume  of  the  chamber,  it  car  cause  a  position 
dependence  for  the  magnitude  of  the  voltage  pulses.  Such  a  dependence 
would  decrease  the  energy  resolution  of  the  chamber.  Hoffman  found  a 
saturation  field  of  about  15  kV/cm  for  a  chamber  with  an  electrode  sepa¬ 
ration  of  2  mm  (15:151)-  Oxygen  impurities  were  less  than  1  ppm,  and 
nitrogen  impurities  were  less  than  4  ppm. 


TABLE  II 


Energy  Resolution  of  1  MeV 
Particle  in  LA  and  LXe 


fi 


\ 

Liquid 

F 

En  (keV) 

E.  (keV) 

Et  (keV) 

A 

0.116 

3-57 

3.88 

5.27 

* 

Xe 

0.059 

2.36 

2.25 

3.26 

(8:356-357) 


a  (• 
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Energy  Resolution 

The  ultimate  energy  resolution  in  the  ionization  chamber  is  expressed 
by  the  full  width  at  half  maximum  (fwhm)  of  a  peak  in  the  energy  spectrum. 
It  is  calculated  from  the  formula 

E  =  (E  2  +  E.2)1/2  (23) 

t  v  n  l  '  ' 

where 

E  is  the  contribution  from  electronic  noise 
n 

E^  is  caused  by  fluctuations  in  the  initial  number  of  ion  pairs 
The  contribution  from  the  fluctuation  in  the  number  of  ion  pairs 
when  a  particle  with  energy  Eq  deposits  all  of  its  energy  is 

E.  =  2.36  (EqFW)1//2  (24) 

where 

Eq  is  the  energy  of  the  initial  particle 
F  is  the  Fano  factor 

W  is  the  average  energy  required  to  form  an  ion  pair 
The  Fano  factors  and  the  energy  resolutions  for  a  1  MeV  particle  are 
given  in  Table  II.  The  Fano  factor  is  an  experimentally  determined  value 
which  quantifies  the  departure  of  the  observed  statistical  fluctuations 


in  the  number  of  ion  pairs  from  pure  Poisson  statistics  (17«92).  The 
electronic  noise  factors  were  estimated  for  systems  using  low  temperature 
PETs. 

The  values  indicate  an  energy  resolution  near  that  of  semiconductor 
detectors.  In  practice  such  resolutions  have  not  been  achieved.  The 
resolution  for  a  1  MeV  particle  has  been  near  34  keV  fwhm.  As  reported 
by  Edmiston,  the  resolution  of  the  detectors  appears  to  be  limited  by  the 
electronics  and  the  geometry  (9033)*  Still  the  achieved  resolutions  are 
much  better  than  those  of  liquid  scintillators. 


Ill  The  Detecting  Gases  and  the  Sources 

The  physical  characteristics  of  the  detecting  gases  determine  the 
operating  conditions  of  the  chamber.  The  various  sources  meanwhile  test 
different  aspects  of  the  chamber.  In  this  chapter  some  of  the  properties 
of  argon  and  xenon  are  presented  along  with  decay  data  on  the  sources 
studied. 

Xenon  and  Argon 

Both  xenon  and  argon  are  noble  gases.  They  are  essentially  chemically 
inert.  They  are  ideal  as  ionization  chamber  media  since  they  do  not 
undergo  electron  attachment. 

Argon  makes  up  almost  1%  of  the  earth's  atmosphere  while  xenon  is 

the  rarest  of  the  stable  elements  (13).  Xenon  has  an  estimated  abundance 
-9 

of  2.9  x  10  of  the  earth's  crust.  Both  of  these  elements  can  be  ob¬ 
tained  in  commercially  purified  samples.  The  gas  used  in  the  laboratory 
is  99-999%  pure.  Table  III  lists  some  of  the  properties  of  xenon  and 
argon. 

The  greater  atomic  mass  and  density  of  xenon  allow  it  to  stop 
ionizing  particles  and  photons  more  easily  than  argon.  Thus  the  volume 
of  a  chamber  utilizing  xenon  may  be  less  than  that  of  a  chamber  utilizing 
argon.  Yet  the  greater  density  of  xenon  may  also  cause  an  increase  of 
recombination.  Thus  both  elements  have  favorable  and  unfavorable 
charac  teri sties. 

Xenon- 131m  and  Xenon-133 

Both  and  Xe^^^m  are  produced  in  fission  reactions  along  with 

a  number  of  other  noble  gas  radioisotopes.  After  three  days  these  two 

8  c 

isotopes  and  Kr  J  are  the  only  major  radioisotopes  remaining  (6»76).  The 


TAB  IE  III 


Some  Physical  Properties  of  Xenon  and  Argon 


Properties 

Xenon 

Argon 

Triple  Point 

Temperature  (K) 

161.391 

83.806 

Pressure  (Torr) 

612.2 

517.1 

Densi ty 

Solid  (g/cc) 

3.54 

1.622 

Liquid  (g/cc) 

3.076 

1.414 

Gas  (mg/cc) 

8.18 

4.05 

Liquid 

Boiling  Point  (K) 

165.03 

87.27 

Density  at  BP  (g/cc) 

2.98? 

1.3998 

Atomic  Mass 

131.30 

39-948 

( 12: 111) 

other  noble  gas  isotopes  have  decayed  or  had  extremely  small  abundances 
initially.  Therefore,  the  study  of  these  two  xenon  isotopes  is  reasonable 
if  one  wishes  to  obtain  additional  data  on  a  fission  reaction  from  air 
samples . 

Xe^^m  exists  in  an  excited  state  163.93  keV  above  the  ground  state. 

It  has  a  half-life  of  11.8  days  and  decays  mainly  through  an  internal 

conversion  electron. 

133  133 

Xe  decays  by  beta  emission  to  Cs  .  Its  half-life  is  5*2?  days. 

Almost  all  of  these  decays  leave  the  cesium  in  an  excited  state  81  keV 

-9 

above  the  ground  state.  The  excited  state  decays  in  6,3  x  10  7  s. 

Detailed  nuclear  decay  scheme  data  for  Xe^^m  and  Xe^^  are  listed 
in  Table  IV.  The  combined  spectrum  of  the  two  radioisotopes  should  ideally 
resemble  Figure  3.  The  counts  in  the  beta  spectrum  and  under  the  164  keV 
peak  can  be  compared  to  obtain  the  ratio  between  the  two  isotopes. 


•  - 

TABLE  IV 

Nuclear  Decay  Schemes  of  Xenon- 

131m  and  Xenon-133 

a 

Radiation  Type 

Energy  (keV) 

Intensity  {%) 

. 

Xe1^ 

ME 

Auger-L 

3.^3 

75.0 

Auger-K 

24.6 

6.8 

ce  K 

129 . 369 

61.2 

ce  L 

138.477 

28.6 

ce  M 

162.788 

6.50 

ce  NOP 

163.722 

1.78 

Q 

Xray  L 

4.1 

8.0 

Xray  K 

29.438 

15.5 

Xray  K  ^ 

Xray  Kp 

Tray 

29.779 

28.7 

33.6 

10.2 

163.93 

1.96 

• 

Xe1^ 

Auger-L 

3.55 

49.0 

Auger-K 

25.5 

5.5 

ce  K  . 

(S  “  fz 

43.636 

0.30 

a 

45.0124 

52.0  — 

75.2827 

8.49 

■S\ 

ce  MNO 

79.7799 

2.3 

*  _ 

P  maximum 

346.0 

m 

average 

100.5 

99.34  v 

Xray  L 

4.29 

6.1 

‘ 

Xray  *$*1 

Xray  C2 

Xray  Kj 

30.6251 

13.3 

30.9728 

24.6 

35 

8.84 

• 

Tray 

81 

37.1 

(4:321-323) 

• 

>*,  •* 

22 

9 

v  -yv  ••  v  •*!-•  v- v- >v 

Bismuth-207 

207  207 

Bi  decays  exclusively  by  electron  capture  to  Pb  .  The  energies 

of  the  internal  conversion  electrons  emitted  by  the  excited  states  of 

Pb207  are  0.482  MeV,  0.55  MeV,  0.975  MeV  and  1.046  MeV. 

The  energies  of  gamma  rays  one,  two  and  three  are  1.7697  MeV, 

1.0634  MeV  and  0.5696  MeV.  Their  internal  conversion  to  gamma  ray  ratios 

are  0.0025,  0.09c  and  0.01"’.  Tne  1.046  MeV  and  O.55  MeV  electrons  are 

the  L-conversion  electrons  from  the  1.0o4  MeV  ana  0.5^96  MeV  transitions. 

The  0.975  MeV  and  0.4&2  MeV  electrons  are  the  K-conversicn  electrons  frc~ 

20? 

those  transitions.  Energy  spectra  of  Bi  o stained  with  liquid  argon 

207 

gridded  ion  chambers  are  shown  in  Figure  7.  Ei  allows  the  detection 
characteristics  of  the  chamber  to  be  tested  with  high  energy  electrons 


before  the  introduction  of  radioactive  xenon. 


is  used  as 


The  Gamma  Ray  Sources 

241  109  57  241 

The  gamma  ray  sources  axe  Am  ,  Cd  ,  and  Co  .  Am 

a  gamma  ray  source  exterior  to  the  chamber.  It  decays  by  alpha  emission 

237  237 

to  Np  J  .  Most  of  the  decays  (86%)  leave  the  Np  J  in  an  excited  state 

109 

59-54  keV  above  the  ground  state.  The  Cd  source  emits  an  88.03  keV 

57 

gamma  with  a  branching  ratio  of  O.36I.  Finally,  the  Co  source  emits 
two  gamma  rays  of  interest.  They  are  122  keV  with  a  branching  ratio  of 
0.8559  and  136  keV  with  a  branching  ratio  of  0.1061.  The  other  photons 
emitted  by  these  sources  are  either  too  energetic  to  be  stopped  by  the 
chamber  or  too  weak  to  penetrate  to  the  chamber. 


The  detection  system  consists  of  two  main  parts.  The  first  is  the 
ionization  chamber  and  its  supporting  electronics.  The  second  is  the  gas 
handling  system  which  supplies  the  purified  noble  gas  to  the  chamber. 

This  chapter  describes  these  subsystems. 

The  Detector 

The  Chamber.  The  chamber  itself  is  constructed  from  a  Varian  glass 
adaptor.  A  1.5  in.  kovar  tube  is  attached  to  a  2 .75  in.  ConFlat  flange. 

A  ?052  glass  tube  is  sealed  to  the  kovar.  The  tube  is  reduced  in  size  to 
form  a  short  cylinder  about  1.6  cm  in  diameter  and  1.2  cm  in  length.  The 
bottom  of  the  cylinder  is  sealed  to  a  kovar  disk.  The  disk  provides  a 
cathode  for  the  chamber. 

Above  the  cylinder  a  kovar  rod  extends  through  the  side  of  the  cham¬ 
ber.  The  wire  grid  rests  on  a  nickel  tab  connected  to  the  rod.  The  rod 
itself  is  connected  to  a  high  voltage  lead  exterior  to  the  chamber.  The 
chamber  is  shown  in  Figure  8. 

The  chamber  flange  is  bolted  to  a  6  in.  blank  ConFlat  flange.  This 
flange  is  supported  by  two  0.75  in.  stainless  steel  tubes  which  also  act 
as  an  inlet  and  outlet  for  liquid  nitrogen.  The  blank  flange  has  high 
voltage  feedthroughs  for  the  cathode  and  grid.  It  has  insulated  feed¬ 
throughs  for  thermocouple  wires.  The  thermocouple  wires  are  pressed 
against  the  kovar  tube  by  5  mil  kovar  wire  which  is  wrapped  around  the 
tube.  The  flange  also  has  a  tube  extending  into  the  chamber.  This  tube 
provides  an  inlet  for  the  detecting  gas. 

A  2.75  in.  miniflange  bolted  to  the  top  of  the  blank  flange  has  an 


Fig.  8.  The  Ionization  Chamber 


insulated  0.25  in.  copper  rod  which  extends  into  the  chamber.  A  copper 
plate  with  a  threaded  stem  screws  into  the  rod.  The  plate  acts  as  the 
anode.  The  threaded  stem  allows  variation  of  the  grid  to  anode  separa¬ 
tion.  The  end  of  the  copper  rod  is  soldered  to  a  wire  which  leads  to  a 
feedthrough  for  connection  of  a  preamplifier. 

The  wire  grid  is  a  0.125  in.  by  0.125  in.  stainless  steel  ring  with 
an  outer  diameter  of  1.25  in.  The  2  mil  stainless  steel  wires  are  soldered 
to  the  ring.  Their  separation  center  to  center  is  0.015  in.  In  order 
to  decrease  the  cathode  to  grid  separation  a  copper  cylinder  was  placed 
in  the  bottom  cylinder  of  the  chamber.  The  grid  to  cathode  distance  with 
the  copper  cylinder  is  0.7  cm.  The  grid  to  anode  distance  is  0.55  cm. 

These  dimensions  impose  a  ratio  of  the  allowed  electric  fields.  The  ratio 
of  the  cathode  to  grid  electric  field  to  the  grid  to  anode  electric  field 
is  0.409. 

Resting  on  top  of  the  grid  ring  is  a  ceramic  cylinder.  A  0.75  in. 
hole  runs  down  the  center  of  the  cylinder  allowing  the  anode  to  pass 
through.  The  ceramic  helps  shield  the  anode  from  the  sharp  edges  of  the 
grid  ring.  The  sharp  edges  may  act  as  potential  discharge  points. 

Surrounding  the  whole  chamber  is  a  stainless  steel  bucket.  This 
bucket  is  welded  to  a  ConFlat  flange  which  is  bolted  to  the  blank  flauige. 
The  bucket  provides  a  container  for  the  liquid  nitrogen  used  to  cool  the 
chamber.  The  whole  assembly  rests  in  an  outer  bucket  which  is  evacuated. 
The  vacuum  provides  insulation  for  the  liquid  nitrogen  bucket. 

The  Electronics.  The  charge  collected  at  the  anode  is  converted  into 
a  voltage  pulse  by  an  Ortec  142-B  preamplifier.  Originally  an  Ortec  120-5 
preamplifier  with  cooled  FET  wan  to  be  used,  but  the  preamp  was  defective. 
The  signal  from  the  preamplifier  is  further  modified  by  a  Canberra  Model 


Fig.  9-  The  Supporting  Electronics  for  the  Ionization  Chamber 

2020  linear  amplifier.  These  signals  are  viewed  on  an  oscilloscope. 

Pulse  height  spectra  are  obtained  through  the  use  of  a  Nuclear  Data  multi¬ 
channel  analyzer.  A  single  channel  analyzer  and  a  counter/timer  can  re¬ 
place  the  MCA  in  order  to  provide  counts  for  specific  areas  of  the  spec¬ 
trum. 

High  voltage  power  supplies  set  the  grid  and  cathode  at  their  nega¬ 
tive  potentials.  Noise  is  reduced  by  Ortec  Model  119  high  voltage  filters. 
The  Gan  Handling  System 

The  gas  handling  system  is  diagrammed  in  Figure  10.  The  upper  sys¬ 
tem  provides  access  to  the  gases  used  in  the  chamber.  The  purification 
furnace  leads  to  the  chamber  itself.  The  outer  bucket  provides  extra 
volume  for  gas  storage  and  connects  to  the  vacuum  pumps. 

The  Purification  Furnace.  The  purification  furnace  is  a  quartz  tube 


Fig.  10,  The  Gas  Handling  System 


filled  with  turnings  of  titanium  and  zirconium.  When  heated  to  1000  C 
these  metals  act  as  getters  of  nitrogen  and  oxygen.  Plugs  of  fine  copper 
turnings  at  both  ends  of  the  tube  keep  the  titanium  and  zirconium  in 
place  ( 1 1 ) .  Dysprosium,  which  was  also  placed  in  the  tube  in  the  begin¬ 
ning,  has  a  vapor  pressure  six  orders  of  magnitude  greater  than  the  other 
metals.  Signals  were  not  observed  from  the  chamber  until  after  the  dys¬ 
prosium  had  been  removed  from  the  purification  furnace. 

One  end  of  the  tube  is  sealed  to  the  noble  gas  inlet  of  the  ioniza¬ 
tion  chamber.  The  other  end  of  the  furnace  is  sealed  to  a  glass  adaptor. 
The  glass  adaptor  is  bolted  to  a  metal  "T".  The  "T"  leads  to  a  cold 
finger  and  valve  number  three.  Valve  three  allows  gas  into  the  furnace. 

The  Upper  System.  The  upper  system  provides  a  known  volume  for  gas 
storage  and  a  number  of  valves  for  gas  entry.  Valves  1  and  4  allow  argon 
and  xenon  to  enter  the  system  from  storage  bottles.  Valve  2  is  fitted 
with  an  o-ring  seal.  A  breakseal  tube  filled  with  a  radioactive  xenon 
sample  is  connected  to  the  system  here.  Valve  5  connects  the  upper  sys¬ 
tem  to  the  outer  bucket.  A  transducer  gage  permits  pressure  readings 
from  0  to  25  psi. 

The  Outer  Bucket.  The  outer  bucket  can  be  evacuated  as  noted  pre¬ 
viously.  Valve  6  leads  to  the  vacuum  system.  The  vacuum  system  consists 
of  a  roughing  pump  and  a  diffusion  pump  with  a  cold  trap.  A  Penning  Type 
vacuum  gage  is  positioned  in  front  of  valve  6.  The  outer  bucket  can  also 
be  used  as  a  large  volume  for  gas  storage. 
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V  Procedure 


Gas  Purification 

The  first  step  in  the  operation  of  the  detector  involves  the  puri¬ 
fication  of  the  noble  gas  to  be  used  as  the  detection  medium.  The  system 
is  prepared  by  allowing  the  diffusion  pump  to  evacuate  it  overnight.  The 
vacuum  obtained  is  less  than  10  ^  Torr.  The  system  is  then  flushed  with 
argon  four  times.  The  process  is  accomplished  by  injecting  99.999%  pure 
argon  into  the  system  to  a  pressure  of  approximately  100  mm  Hg.  The 
system  is  evacuated,  and  the  process  is  repeated. 

After  the  argon  flush  the  detecting  gas  is  introduced  into  the  sys¬ 
tem.  The  gas  is  injected  into  the  outer  bucket  and  the  upper  system  at 
a  pressure  which  allows  enough  gas  to  eventually  enter  the  chamber.  When 
the  chamber  is  cooled,  2.5  ml  of  liquid  must  exist  in  the  bottom  of  the 
chamber.  Also  enough  gas  must  be  present  to  allow  the  vapor  pressure  of 
the  liquid  to  exist  in  the  rest  of  the  system. 

The  gas  is  brought  into  the  purification  furnace  by  condensing  it 
in  the  cold  finger.  A  dewar  filled  with  liquid  nitrogen  is  slowly  raised 
around  the  cold  finger.  The  valve  to  the  outer  bucket  is  then  closed, 
and  the  furnace  is  heated  to  1000  G. 

After  the  outer  bucket  is  evacuated,  liquid  nitrogen  is  injected 
into  the  bucket  surrounding  the  chamber.  As  the  chamber  cools,  the  dewar 
surrounding  the  cold  finger  is  lowered.  The  solidified  gas  in  the  cold 
finger  boils  off  and  diffuses  through  the  furnace.  This  process  is  re¬ 
versed  and  repeated  two  more  times. 

With  the  chamber  cool  and  the  cold  finger  warm,  the  furnace  is  turned 


off,  and  the  chamber  is  allowed  to  warm  to  the  correct  temperature.  Hie 
correct  temperature  is  83  K  for  argon  and  I63  K  for  xenon.  The  temper¬ 
ature  of  the  liquid  is  monitored  by  its  vapor  pressure.  The  transducer 
gage  in  the  upper  system  is  used  for  pressure  readings.  The  purification 
process  lasts  an  average  of  11  hours. 

Sample  Introduction 

The  different  sources  under  study  were  prepared  for  detection  by  the 
chamber  in  different  manners. 

Gamma  Ray  Exterior  Sources.  The  gamma  ray  sources  are  encased  in 

containers  which  preclude  placing  the  sources  inside  the  chamber.  Also 

internal  placement  would  not  facilitate  the  observation  of  a  number  of 

different  sources  during  one  run.  Therefore,  the  gamma  ray  sources  are 

fixed  to  the  side  of  the  outer  bucket  during  runs.  Since  the  gamma  photons 

penetrate  through  materials  relatively  well,  a  reasonable  number  of  the 

photons  still  reach  the  detector.  Calculations  of  the  number  of  photons 

stopped  in  the  detector  are  presented  in  Chapter  VI, 

20? 

Solid  Interior  Sources .  The  Bi  used  is  plated  onto  the  end  of  a 

small  threaded  metal  cylinder.  The  copper  cylinder,  used  in  the  chamber, 
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was  tapped  in  the  center  to  accommodate  the  Bi  source.  The  Bi 
rested  in  line  with  the  surface  of  the  copper  cylinder.  The  copper  cy¬ 
linder  was  replaced  in  the  chamber  before  the  beginning  of  the  purifica¬ 
tion  process. 
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The  U  source  is  plated  on  a  small  metal  punch  3  mm  in  diameter. 
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Before  a  run  the  U  was  simply  placed  on  top  of  the  copper  cylinder  in 
the  chamber. 

Xenon- 133  and  Xenon-131m.  An  untapped  copper  cylinder  was  placed 
in  the  chamber  for  radioactive  xenon  detection.  The  xenon  was  introduced 


into  the  system  through  the  use  of  a  breakseal  tube.  After  the  detection 
gas  had  been  solidified  in  the  cold  finger,  the  breakseal  was  broken  to 
allow  the  xenon  into  the  system.  Thus  any  impurities  in  the  xenon  sample 
would  also  be  removed  during  purification. 

Data  Collection 

With  the  gas  purified  and  the  source  prepared,  data  collection  can 
begin.  The  cathode  and  the  grid  are  set  at  their  specified  potentials. 
The  pulses  from  the  amplifiers  are  analyzed.  Adjustments  of  the  gain, 
shaping  time,  or  chamber  potentials  may  be  required  before  the  signals 
sire  routed  to  the  multi-channel  analyzer. 

The  counting  is  limited  since  the  detecting  gas  continually  warms, 
and  the  pressure  in  the  system  rises.  A  rise  in  pressure  indicates  less 
liquid  in  the  detecting  volume  of  the  chamber.  Also  high  enough  internal 
pressures  cam  damage  the  glass  chamber.  Thus  another  injection  of  liquid 
nitrogen  is  necessary  to  recool  the  chamber.  The  chamber  must  warm  sigain 
to  the  correct  temperature  before  further  data  can  be  collected.  After 
data  collection  is  complete,  the  valve  to  the  outer  bucket  is  opened  to 
allow  expansion  of  the  gas. 


VI  Results 


The  data  from  the  various  sources  is  presented  in  two  subsections 
one  for  the  exterior  sources  and  one  for  the  interior  sources.  Some  ini¬ 
tial  considerations  about  maximum  pulse  heights,  xenon  detecting  gas  and 
background  noise  are  presented  first. 

Initial  Considerations 

The  maximum  pulse  heights  for  particles  of  a  certain  energy  are  es¬ 
timated  from  the  conversion  gain  of  the  preamplifier.  The  output  from 
the  preamplifier  is  20  mV  for  a  1  MeV  particle  in  silicon.  The  W  value 
used  is  3*6  eV/ip  so  20  mV  is  generated  from  2? 7,777  ion  pairs.  A  1  MeV 
particle  in  argon  produces  42,373  ion  pairs.  This  would  result  in  a 
3.05  mV  pulse  from  the  preamplifier.  Similar  calculations  are  carried 
out  for  particles  of  different  energies. 

After  initial  results  were  obtained  with  argon  and  the  exterior 
sources,  xenon  was  introduced  as  the  detecting  gas.  No  significant  results 
were  obtained  with  xenon  in  four  runs.  It  is  assumed  that  the  higher 

density  of  xenon  increased  recombination  effects.  Although  signals  may 
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have  been  detected  for  the  higher  energy  electrons  of  Bi  ,  it  was  decided 

to  stay  with  argon.  The  energy  of  the  radioactive  xenon  emissions  are 
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not  as  high  energy  as  those  of  Bi  ,  and  xenon  isotope  detection  is  the 
main  purpose  of  the  chamber. 

The  background  observed  without  sources  present  was  negligible.  It 
was  less  than  one  count  per  second  as  long  as  the  voltage  was  kept  below 
the  discharge  point.  Noise  was  still  observed  at  the  low  energy  end  of 
some  of  the  spectra.  The  ions  diffusing  through  the  gas  may  have  acted 


to  induce  some  small  discharges.  Magnitudes  of  breakdown  voltages  in  the 
gas  are  calculated  in  the  appendix,  discharges  did  appear  for  electric 
fields  in  the  gas  between  4.0  kV/cm  and  6.0  kV/cm. 

The  Exterior  Sources 
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Electron  Mobility.  The  Am  source  displayed  the  most  distinguish¬ 
able  peak  of  the  exterior  sources.  This  occurred  because  of  its  high 
activity.  Also  the  detector  has  a  relatively  high  efficiency  for  the 

59*96  keV  gammas  emitted  by  the  source. 
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Am  provided  electron  mobility  data  in  liquid  argon.  The  pulse 
241 

height  spectra  of  Am  for  a  grid  to  cathode  electric  field  of  2.447  kV/a 
are  shown  in  Figure  11.  The  different  spectra  illustrate  the  effect  of 
different  linear  amplifier  shaping  times  on  the  magnitude  of  the  voltage 
pulses.  The  pulse  heights  are  maximized  with  a  shaping  time  of  6  (is. 

The  peak  of  the  pulse  heights  with  a  6  ps  shaping  time  represents  an 
electron  collection  time  of  6  ps.  The  electrons  pass  through  0.7  cm  of 
liquid  argon  and  0.55  cm  of  gaseous  argon.  The  transit  time  through  the 
gas  is  0.13  p s  given  a  drift  velocity  of  4.2  x  10^  cm/s  (24:59).  The 
electron  drift  time  in  the  liquid  is  thus  5*87  ps  implying  a  drift  velo¬ 
city  of  1.2  x  10^  cm/s.  The  value  reported  by  Shibamura  at  this  electric 
field  is  approximately  2.5  x  10^  cm/s  (25*254). 

Activity.  Theoretical  count  rates  reported  by  the  detector  for  the 
different  sources  have  been  calculated  and  compared  to  the  actual  measured 
counts.  The  sources  are  placed  on  the  side  of  the  outer  bucket  10.2  cm 

from  the  chamber  in  line  with  the  chamber  bottom.  The  cross  sectional 
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area  of  the  chamber  is  1.4  cm  .  For  the  purpose  of  calculating  the  geo¬ 
metry  fraction,  the  area  is  considered  to  be  a  circle.  With  these  values 
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the  geometry  fraction,  f  ,  is  1.08  x  10 


Energy 


Energy 


11.  Americium-241  Electron 


Drift  Velocity  Study 


TABLE  VI 


The  Efficiency  Fractions 


Source  Photon 

Energy  keV 


f  f 

s  s 

Photons  Electrons 


The  scattering  and  absorption  of  photons  before  they  reach  the  cham¬ 
ber  must  be  considered  for  a  0.3^  cm  thickness  of  stainless  steel.  The 
calculated  absorption  fractions  are  listed  in  Table  VI.  These  were  cal¬ 
culated  using  the  mass  attenuation  coefficients  of  iron. 

The  fraction  of  photons  stopped  by  1.6  cm  of  argon  then  affects  the 
intrinsic  efficiency  of  the  detector.  Since  the  photons  are  stopped 
throughout  the  volume  of  the  chamber,  the  fraction  of  scattered  electrons 
which  are  subsequently  stopped  must  also  be  considered.  The  last  column 

in  the  table  lists  the  branching  fractions  of  the  radionuclides  for  the 
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photons  which  are  detected  by  the  chamber.  The  listing  for  Co  is  an 
average  of  the  122  keV  and  I36  keV  photons. 

In  Table  VII  the  theoretical  number  of  photons  which  reach  the 
chamber,  the  theoretical  number  of  photons  stopped  in  the  chamber,  and 
the  actual  measured  number  of  counts  are  listed.  The  intrinsic  efficien¬ 
cies  of  the  chamber  for  the  photons  of  energies  from  60  keV  to  136  keV 


range  from  70%  to  7.2%. 

The  measured  counting  rates  differ  from  the  theoretical  values  by 
20%  to  30%.  Because  of  the  assumptions  in  the  theoretical  values,  these 
percentages  axe  reasonable.  The  photopeaks  observed  were  also  partially 


TABLE  VII 


The  Vray  Source  Counting  Rates 


Source 

Activity  (pCi) 

Theoretical 
#  Reaching 
the  Chamber 

Theoretical 
Counts  per 
Second 

Actual 
Counts  per 
Second 

.  241 

Am 

294 

178 

94 

125 

Cd10? 

62.4  +  10J6 

25 

5-0 

3.3 

Co^ 

8.95  +  4.4% 

164 

13 

12 

cut  off  on  the  lower  energy  side  due  to  limitations  of  the  linear  ampli¬ 
fier  gain.  The  linear  amplifier  gain  was  set  at  its  maximum  value  of 
3900  for  these  spectra. 

The  spectra  for  the  gamma  sources  also  illustrate  the  minimum  count¬ 
ing  rate  necessary  for  reasonable  energy  resolution  with  this  detector. 
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The  Cd  and  Co  spectra  in  Figure  12  show  the  resolution  for  low  count 
rates.  All  of  the  spectra  are  for  counting  times  of  200  s. 

The  counting  times  are  limited  to  30  min  or  less  because  of  the 
constant  vaporization  of  the  liquid  argon.  The  argon  must  then  be  re¬ 
cooled  and  liquified  in  the  chamber  bottom.  After  this  process  a  degra¬ 
dation  in  amplitude  and  fwhm  of  the  energy  peaks  was  observed.  Therefore, 
for  the  system  in  its  present  form  count  rates  on  the  order  of  3  cps  or 
greater  are  needed. 

Pulse  Height  vs  E-field.  A  study  of  pulse  height  versus  electric 

field  is  presented  in  Figure  13.  The  pulse  heights  are  listed  as  the 

observed  voltage,  V,  divided  by  the  theoretical  maximum  voltage,  V  ,  of 
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the  pulses  for  the  combined  122  keV  and  136  keV  peaks  of  Coy  .  The 


theoretical  curve  is  based  on  equation  (18)  with  an  impurity  concentration 


of  0.8  ppm  calculated  from  the  V/Vq  value  at  an  electric  field  of 
2.153  kV/cm. 

The  greater  slope  of  the  measured  curve  may  be  due  to  uncertainties 
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in  the  magnitude  of  the  peaks  measured  for  Co  .  The  number  of  counts 
recorded  was  low,  and  the  peaks  were  not  far  above  the  noise  level  in 
the  system. 
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Resolution.  The  energy  resolution  of  the  Am  peak  is  29  keV  for 
the  59.9  keV  peak.  The  full  width  at  half  maximum  of  a  test  pulse  set  to 
a  corresponding  voltage  is  11.5  keV.  The  energy  resolution  for  the  argon 
without  noise  can  be  approximated  by 

f whin ^  =  (fwhm^  -  fwhm  (25) 

where 

fwhm^  is  the  total  resolution 

fwhm  is  the  test  pulse  resolution 
P 

The  measured  resolution  for  liquid  argon  is  thus  27  keV  fwhm  or 
for  a  60  keV  peak.  This  resolution  is  not  good  enough  to  make  this  system 
a  useful  substitute  for  liquid  scintillators. 
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Interior  Sources 
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Bismuth-207.  The  high  energy  internal  conversion  electrons  of  Bi 
allowed,  a  study  of  chamber  characteristics  further  above  the  background 

noise  inherent  in  the  system.  The  activity  of  this  source  is  0.227  MCi 

as  determined  with  a  Ge(Li)  detector.  The  branching  fraction  for  the 

1.064  MeV  transition  is  0.88.  This  is  further  modified  by  an  internal 

conversion  electron  to  gamma  ratio  of  0.115.  The  geometry  factor  with 
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the  Bi  on  the  cathode  is  0.5*  Since  the  range  of  the  electrons  is 

0.31  cm,  those  emitted  onto  the  chamber  are  presumed  to  be  stopped. 

Thus  the  expected  count  rate  for  the  internal  conversion  electrons 

from  the  1.064  MeV  transition  is  425  cps.  The  measured  count  rate  is 

332  cps.  The  measured  value  is  low  by  22%.  The  large  fwhm  of  the  peak 

leads  to  uncertainties  in  the  actual  number  of  counts  under  the  peak. 

The  efficiency  for  the  1.064  rieV  electrons  is  39%. 
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The  mobility  study  with  Bi  resulted  in  a  different  value  for  the 
electron  drift  velocity.  The  maximum  magnitude  for  pulse  heights  was 
obtained  with  a  shaping  time  of  4  ps.  With  an  electron  transit  time 
through  the  gas  of  0.13  Ms«  the  transit  time  through  the  liquid  is  3*87  ms. 
The  drift  velocity  thus  has  a  value  of  2.58  x  10^  cm/s.  This  value  agrees 
closely  with  that  obtained  by  Shibamura. 

In  Figure  14  a  second  study  of  pulse  height  versus  electric  field 
is  shown.  In  this  case  the  measured  values  appear  to  correspond  more 
closely  to  the  theoretical  curve.  The  theoretical  curve  is  a  fit  for  an 
impurity  level  of  1.3  ppm  0^.  Such  fluctuations  in  impurity  levels  are 
possible  since  the  purification  process  is  not  exactly  repeatable  for 
every  run. 

One  feature  of  the  gridded  ion  chamber  is  the  decrease  of  the  signal 


if  the  electric  field  between  the  grid  and  the  cathode,  E  ,  becomes  too 

c 

large  in  comparison  to  the  electric  field  between  the  grid  and  the  anode, 

E  .  This  causes  a  violation  of  equation  (9),  and  electrons  begin  to  col- 

a 

lect  on  the  grid.  A  theoretical  measure  of  this  decrease  of  the  signal 
in  relation  to  the  electric  field  ratio  has  been  calculated  by  Bunemann 
(5:197-198).  The  curve  appropriate  for  the  grid  dimensions  used  in  this 
study  is  shown  in  Figure  15 . 

The  experimental,  values  were  obtained  by  holding  constant  and 
varying  E  .  In  this  way  recombination  effects  in  the  liquid  did  not 
interfere  with  the  results.  The  signals  measured  are  5%  to  8%  smaller 
than  they  should  be,  but  they  follow  the  theoretical  curve  fairly  close. 
Bends  in  the  wires  or  other  grid  imperfections  could  have  caused  the  loss 
in  signal  voltage.  This  data  indicates  that  the  gridded  chamber  is  func¬ 
tioning  according  to  theory. 

A  study  of  pulse  height  with  a  change  in  grid  voltage  is  shown  in 
Figure  16.  The  channel  of  the  peak  recorded  by  the  MCA  does  not  change 
significantly.  As  mentioned  above,  the  decrease  of  the  grid  voltage  tends 
to  decrease  the  magnitude  of  the  voltage  pulses.  Opposing  this  is  the 
increase  of  the  voltage  pulses  due  to  a  larger  electric  field  across  the 
liquid  argon. 

These  spectra  show  an  increase  in  energy  resolution.  The  visible 

peak  is  a  combination  of  the  0.975  MeV  and  1.050  MeV  internal  conversion 

electron  peaks.  Further  decreases  of  the  grid  voltage  lead  to  loss  of 

signal  magnitude  and  energy  resolution.  The  energy  resolution  of  the 

peak  for  a  chamber  electric  field  of  2447  V/cm  is  430  keV  fwhm  or  43 %. 
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This  resolution  is  comparable  to  that  obtained  with  Am  .  The  resolution 
for  the  highest  electric  field  of  3^29  V/cm  is  172  keV  fwhm  or  17%.  These 
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resolutions  are  poor  enough  to  combine  pulses  from  electrons  of  the  two 
different  energies  into  one  peak. 

These  peaks  have  been  distinguished  by  Shibamura  with  an  energy 

resolution  of  3^  keV  fwhm  as  shown  in  Chapter  II.  Also  shown  in  Chapter 
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II  is  the  Bi  spectrum  obtained  with  an  electric  field  of  5-5  kV/cm  and 
an  electrode  separation  of  1.43  cm.  The  resolution  obtained  in  this  study 
lies  between  these  two  extremes.  These  three  studies  illustrate  the 
characteristics  needed  in  a  liquid  noble  gas  ionization  chamber  for  accu¬ 
rate  energy  resolution.  The  electric  field  across  the  liquid  must  exceed 
10  kV/cm.  The  impurity  concentration  must  be  around  1  ppm  0  .  The  dis¬ 
tance  traveled  by  ion  pairs  through  the  liquid  must  be  minimized. 

Uranium-233.  The  4.82  MeV  alpha  peak  from  \J^33  is  sh0wn  in  Figure 
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17.  A  number  of  the  alpha  decays  leave  Th  in  excited  states.  These 
deexcitations  may  be  the  cause  for  the  number  counts  to  the  left  of  the 
peak.  The  magnitude  of  the  peak  corresponds  to  an  energy  of  634  keV  for 
a  beta  particle.  Initial  recombination  caused  by  the  greater  track  den¬ 
sity  for  the  alpha  particles  has  reduced  the  peak  87%.  The  resolution  of 
the  peak  is  103  keV  fwhm  using  the  calibration  obtained  with  internal 
conversion  and  photoelectric  electrons .  On  the  scale  for  alpha  particles 
the  resolution  should  be  793  keV  fwhm  or  16.4%. 

The  shorter  ion  pair  tracks  of  the  alpha  particles  have  resulted  in 
a  loss  of  signal  magnitude  compared  with  the  less  dense  beta  type  tracks. 
On  the  other  hand,  the  shorter  tracks  have  decreased  the  difference  in 
length  of  the  paths  which  the  electrons  of  different  tracks  must  travel 
through  the  liquid.  The  electron  attachment  effect  is  less  dependent  on 
the  initial  direction  of  the  track,  and  as  expected  the  energy  resolution 
has  improved.  So  for  better  energy  resolution  the  effects  of  volume 


Fig.  17.  The  Uranium-233  4.82  MeV  Alpha  Peak 


electron  attachment  must  be  reduced. 

Xenon-131m  and  Xenon-133.  The  results  of  the  differentiation  between 

Xe  and  Xe  are  inconclusive.  The  energy  spectrum  of  a  combined 

sample  of  the  two  nuclides  is  presented  in  Figure  18.  The  shape  of  the 

plot  indicates  a  beta  spectrum,  but  no  peak  corresponding  to  the  164  keV 

decay  of  Xe^^m  is  visible.  Due  to  the  poor  energy  resolution  of  the 

system  and  the  activity  ratios,  the  164  keV  peak  may  not  be  large  enough 

to  distinguish.  The  peak  could  be  distinguished  by  allowing  further  decay 
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of  the  sample.  Since  the  Xe  decays  faster,  the  164  keV  peak  would 
eventually  show  above  the  beta  spectrum. 

The  spectrum  ends  near  400  keV.  With  an  energy  resolution  around 
40%  the  346  keV  maximum  of  the  actual  beta  spectrum  falls  within  the  error 
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Fig.  18.  The  Xenon-131m  and  Xenon-133  Combined  Spectrum 

limits  of  the  measured  maximum.  The  small  discontinuity  at  the  low  energy 
end  of  the  spectrum  occurs  at  200  keV.  This  may  be  partially  caused  by 

4  o  -1  m 

the  Xe  internal  conversion  electrons. 

The  count  rate  observed  for  the  sample  was  36 5  ops.  This  not  the 
activity  of  the  total  sample  since  part  of  the  xenon  exists  in  vapor  form 
throughout  the  rest  of  the  system.  The  system  is  not  useful  for  the 
measurement  of  the  total  activity  of  a  radioactive  xenon  sample. 


VII  Conclusions  and  Recommendations 


Conclusions 

The  detecting  system  in  its  present  form  does  not  achieve  the  goal 
of  differentiating  the  radioisotopes  of  Xe^^^1  and  Xe^"^.  They  may  be 
differentiated  by  allowing  the  decay  of  the  isotopes  until  the  Xe^^^1 
peak  is  visible.  Even  so  the  energy  resolution  of  the  system  is  about 
45%  for  energies  of  interest.  This  is  not  much  better  than  liquid  scin¬ 
tillators.  The  effort  spent  to  run  the  system  is  also  a  drawback. 

The  different  sources  studied  provide  information  on  the  character¬ 
istics  of  the  chamber.  The  intrinsic  efficiency  of  the  chamber  has  a 
maximum  of  70%  for  60  keV  Trays.  The  efficiency  decreases  to  7 >2%  for 
Trays  of  122  keV.  The  resolution  at  these  energies  is  48%  with  11. 5  keV 
fwhm  caused  by  noise  from  the  preamplifier. 
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The  higher  energy  internal  conversion  electrons  from  Bi  exhibit 

resolutions  of  43%.  A  decrease  in  the  grid  voltage  improves  resolution 

at  the  expense  of  voltage  pulse  magnitude.  The  efficiency  for  a  source 

set  on  the  cathode  is  39%.  A  volume  distribution  of  the  source  could 
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lead  to  efficiencies  of  80%  as  shown  by  Am  .  This  was  not  proven  with 
the  xenon  samples.  On  the  whole  the  detector  does  exhibit  high  efficiency 
properties,  but  high  energy  resolution  has  not  been  attained. 

Electron  attachment  throughout  the  liquid  volume  of  the  chamber  is 
the  most  likely  cause  of  the  poor  resolution.  The  influence  of  electron 
attachment  can  be  decreased  by  changing  two  parameters  of  the  system. 

The  electric  field  across  the  liquid  can  be  increased,  or  the  electro¬ 
negative  impurity  concentration  in  the  liquid  can  be  decreased. 


Both  alternatives  present  difficulties.  In  the  present  chamber  set¬ 
up  an  increase  in  electric  field  vail  cause  more  noise  in  the  system 
because  of  discharges.  These  discharges  occur  through  the  vapor  between 
the  grid  and  the  anode.  A  decrease  in  impurity  concentration  would  re¬ 
quire  a  lengthening  of  the  purification  process.  The  present  purification 
time  puts  a  strain  on  the  experimenter.  There  may  be  methods  to  solve 
these  problems. 

Recommendations 

Purification  System.  The  purification  process  can  be  improved  by 
designing  an  automatic  system.  In  this  way  the  experimenter  could  let 
it  function  overnight,  and  the  system  would  be  ready  to  run  in  the  morning. 
This  would  result  in  faster  turn  around  times  for  the  study  of  different 
internal  sources. 

The  basic  design  of  such  a  purification  furnace  is  simply  a  high 
pressure  bottle.  The  titanium  and  zirconium  turnings  are  placed  in  the 
bottle,  and  the  detecting  gas  is  injected  into  the  bottle  for  purification. 
The  increase  in  pressure  due  to  the  heating  of  the  gas  would  not  affect 
the  bottle.  The  bottle  could  be  connected  at  one  of  the  valves  presently 
on  the  system.  The  connecting  tube  should  be  made  of  glass  to  insulate 
the  system  from  the  hot  bottle. 

The  bottle  could  be  heated  to  lower  temperatures  than  the  present 
system  and  still  achieve  greater  purification.  All  of  the  gas  would  be 
inside  the  furnace  during  the  whole  procedure,  and  the  purification  would 
be  carried  out  for  a  longer  time.  Also  during  purification  the  rest  of 
the  system  would  still  be  evacuated.  This  proposal  is  similar  to  the 
system  used  by  Shibamura,  et  al  for  their  noble  gas  chamber  (25). 

The  Present  Chamber.  Changes  in  the  present  detector  could  also 


improve  resolution.  The  preamplifier  should  be  replaced  with  one  of  lower 
noise.  The  Ortec  120-5  preamplifier  with  a  FET  attached  to  the  cooled 
part  of  the  system  may  have  fulfilled  this  requirement,  but  it  did  not 
function  properly. 

The  grid  voltage  could  be  set  at  values  below  those  determined  by 
the  Eunemann  equations.  This  would  increase  the  electric  field  in  the 
liquid.  With  a  lower  noise  preamplifier  the  gain  of  the  system  could  be 
increased  to  offset  the  decrease  in  pulse  amplitude. 

Proportional  Counter.  A  liquid  noble  gas  proportional  counter  could 
be  constructed.  With  this  counter  only  liquid  would  be  in  the  chamber. 
Higher  electric  fields  could  be  obtained  without  causing  discharges. 

The  question  remains  whether  multiplication  and  high  energy  resolution 
could  be  achieved  with  such  a  chamber  (306).  A  possible  design  for  the 
chamber  appears  in  Figure  19 . 


j  Gas  Inlet 

IZ 

Kovar  Glass 

1  i - - 

Kovar  Stainless  Steel  Kovar 


Fig.  19.  A  Liquid  Noble  Gas  Proportional  Counter 


The  center  of  the  tube  is  stainless  steel  with  kovar  tubes  silver 
soldered  to  the  ends.  Kovar  glass  end  caps  are  sealed  to  the  kovar  me  tail. 
Hypodermic  needles  in  the  end  caps  act  as  holders  for  the  anode  wire. 
Smaller  hypodermic  needles  are  soldered  to  the  wire  on  the  inside  to 
prevent  multiplication  outside  of  the  uniform  electric  field  region.  The 
smaller  hypodermic  needles  are  then  soldered  to  the  needles  in  the  end 
caps.  The  glass  inlet  tube  can  extend  from  an  end  cap  to  a  1.5  in.  dia¬ 
meter  flange.  This  flange  can  be  connected  to  the  present  system. 

With  a  cathode  radius  of  0.3  cm  and  an  anode  radius  of  7.62  x  10  cm 
a  5000  V  potential  at  the  cathode  provides  substantial  electric  fields 
in  the  chamber.  The  electric  field  at  the  cathode  is  2.8  kV/cm.  The 
electric  field  at  the  anode  surface  is  1100  kV/cm. 

The  preceding  proposals  may  or  may  not  provide  the  energy  resolutions 
required.  Many  of  the  problems  occur  because  of  a  need  for  high  energy 
resolution  with  a  volume  distributed  source  of  low  activity.  A  study 
completed  in  this  laboratory  with  a  high  pressure  noble  gas  proportional 
counter  appears  to  have  more  promising  results  (18). 
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Appendix i  Discharge  in  Gases 

Since  the  argon  or  xenon  is  in  gaseous  form  between  the  anode  and 
the  grid,  the  breakdown  potential  of  these  gases  limits  the  magnitude  of 
the  electric  fields  used  in  the  chamber.  Breakdown  occurs  when  the  fol¬ 
lowing  condition  is  met  (23s 115)* 

>(exp(cvd)  -  l)  =  1  (26) 


where 

d  is  the  distance  between  the  electrodes 
g  and  y  are  the  Townsend  coefficients 

Alpha  is  a  measure  of  the  number  of  ion  pairs  produced  in  the  gas 
given  a  cretain  electric  field.  Alpha  can  be  found  from  Figure  20  with 
the  equation 

>7  =  oE/p  (27) 


where 

i]  is  the  ionization  coefficient  in  ion  pairs  per  volt 
E  is  the  electric  field  in  V/cm 
p  is  the  gas  pressure  in  mm  Hg 

The  secondary  emission  coefficient,  depends  on  the  gas  and  the 
composition  of  the  electrodes.  Figure  21  gives  values  of  1  for  values 
of  electric  field  divided  by  gas  pressure.  The  bias  voltages  required 
to  cause  discharge  are  shown  graphically  by  the  Paschen  curves  in 
Figure  22. 

In  order  to  avoid  discharges  the  vapor  pressure  of  the  liquid  noble 
gas  in  the  chamber  must  be  above  a  certain  point  or  below  a  certain  point. 
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In  the  chamber  under  study  the  grid  to  anode  distance  is  0.55  cm.  The 
chamber  is  usually  operated  with  a  liquid  argon  vapor  pressure  of 
480  mm  Hg.  Figure  22  indicates  a  breakdown  voltage  of  approximately 
3000  V. 

The  approximate  value  of  the  breakdown  voltage  is  used  to  determine 

a  more  accurate  value.  With  this  value  of  E/p  near  11.4,  gamma  can  be 

-4  / 

determined  from  Figure  21  to  be  0.07,  and  is  9  x  10  ip/V.  By  mani¬ 
pulation  of  equation  (26)  a  is  solved  for  as 

a  =  ln(l  +  l/y)/d  (28) 

The  value  of  cv  in  this  case  is  4.96  ip/cm.  Using  tj  the  breakdown 
voltage  is  found  as  5300  V/cm.  Through  further  iterations  the  breakdown 
voltage  is  estimated  as  3800  V/cm. 
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